During myoblast fusion, cell-cell recognition along with cell migration and adhesion are essential biological processes. The factors involved in these processes include members of the immunoglobulin superfamily like Sticks and stones (Sns), Dumbfounded (Duf) and Hibris (Hbs), SH3 domain-containing adaptor molecules like Myoblast city (Mbc) and multidomain proteins like Rolling pebbles (Rols). For rolling pebbles, two differentially expressed transcripts have been defined (rols7 and rols6). However, to date, only a muscle fusion phenotype has been described and assigned to the lack of the mesoderm-specific expressed rols7 transcript. Here, we show that a loss of the second rolling pebbles transcript, rols6, which is expressed from the early bud to later embryonic stages during Malpighian tubule (MpT) development, leads to an abnormal MpT morphology that is not due to defects in cell determination or proliferation but to aberrant morphogenesis. In addition, when Myoblast city or Rac are knocked out, a similar phenotype is observed. Myoblast city and Rac are essentially involved in the development of the somatic muscles and were proposed to be interaction partners of Rols7. Because of the predicted structural similarities of the Rols7 and Rols6 proteins, we argue that genetic interaction of rols6, mbc and rac might lead to proper MpT morphology. We also propose that these interactions result in stable cell connections due to rearrangement of the cytoskeleton. q
Introduction
The mesoderm of Drosophila is subdivided into distinct parts each giving rise to the dorsal vessel, the fat body, the visceral muscles and the body wall musculature (reviewed in Bate, 1993) . The cell fate decisions leading to this subdivision depend on intrinsic factors as well as ectodermal signalling (Riechmann et al., 1997) . The visceral mesoderm gives rise to the circular and longitudinal musculature of the gut and arises by fusion of founder cells and fusion competent myoblasts (Klapper et al., 2001 (Klapper et al., , 2002 San Martin and Bate, 2001; Stute et al., 2004) . Founder cells and fusion competent cells of the circular muscles arise from the visceral trunk mesoderm. The founder cells of the longitudinal visceral muscles, however, arise from a different primordium (Georgias et al., 1997; Kusch and Reuter, 1999) .
Recently, Denholm et al. (2003) have shown that this primordium not only contains the future founder cells of the longitudinal muscles but also a fraction of cells that migrate to the posterior ectodermal/endodermal border where the Malpighian tubules (MpTs) are formed (reviewed in Skaer, 1993) . These mesodermal cells form the stellate cells (SCs) within the MpTs. The SCs are functionally distinct from the ectodermally derived principal MpT cells (PCs) and have a function in controlling the movement of water and anions such as chloride. The PCs make up the majority of the tubule epithelium and via active cation transport they control the flow of hydrogen and potassium ions (O'Donnell et al., 1996 (O'Donnell et al., , 1998 Dow et al., 1997; Denholm et al., 2003; reviewed in Cagan, 2003) . In MpTs of embryos lacking the cell adhesion-mediating protein Hibris, the number of SCs is significantly reduced (Denholm et al., 2003) . Hibris belongs to the group of immunoglobulin-like proteins that are involved in cell-cell recognition and adhesion in myoblast fusion processes (Artero et al., 2001; Dworak et al., 2001 ; reviewed in Dworak and Sink, 2002) .
Since rols6 is expressed early on during MpT development (Rau et al., 2001) , we asked whether rols6 expression persists during this process. To this end, we analysed rolling pebbles mutants for phenotypes in MpTs. The rols genomic region harbours two distinct promoters leading to two mRNAs (rols6 and rols7), which differ only in the N-terminal region ( Fig. 1 ; Rau et al., 2001) . Here, we show that the formation of the MpTs is affected in rols6-specific mutant embryos leading to defective cell arrangement, misguided outgrowth and mislocalisation of the anterior tubules. However, myoblast fusion, which solely depends on rols7, is not affected in rols6-specific mutants.
Results

Malpighian tubules are malformed in rolling pebbles mutants
The Malpighian tubules (MpTs) of Drosophila melanogaster arise as four buds from the hindgut anlage close to its boundary with the posterior midgut primordium. The cells of the four buds are characterised by the expression of the transcription factor Cut (Ct; Liu and Jack, 1992) at stage 10 of embryogenesis. During germ band extension at stage 11, the cells of the four tubule primordia undergo cell proliferation, and the tubules begin to bud out. By stage 13, proliferation is complete and short tubules have formed ( Fig. 2A) . From stage 13 onwards, cells from the caudal mesoderm join the MpT primordia and later the stellate cells (SCs). From the end of germ band retraction, the tubules begin to elongate due to cell rearrangement. In stage 15 and 16 embryos, the characteristic stereotypic course of the four renal tubules through the embryonic body is clearly visible. The paired posterior tubules span the posterior abdominal and terminal segments of the embryo. The anterior tubules extend forwards into abdominal segments 2/3 (Fig. 2B ,C, arrows) where the tubule loops back on itself so that the tips of both anterior tubules lie more posteriorly within the abdomen (reviewed in Skaer, 1993; Ainsworth et al., 2000; Denholm et al., 2003; Jung et al., 2005) .
We have analysed the rols deficiency Df(3L)BK9 and the EMS-induced allele rols xx117 for aberrations in MpT development and have identified a new allele of rolling Rau et al., 2001) . The genomic size of the rolling pebbles gene is about 60 kb and gives rise to two individual transcripts of different length, rols7 and rols6. Transcript-specific exons are indicated and marked by different colours (blue: rols7 exons 1C2; yellow: rols6 exons 1C2). Green coloured exons are shared by both transcripts. Rols proteins and common predicted protein domains are indicated by coloured boxes (blue, RING finger; black, P-Loop; green, Ankyrin-repeats; grey, TPR-repeat). The proteins differ from each other through specific N-terminal aa: Rols7: 303 aa (encoding a lipolytic domain) (Menon and Chia, 2001) ; Rols6: 79 aa. All other predicted protein domains are shared by both isoforms. The intronic region between rols7 Exon2 and the transcription start site of rols6 (which was determined by primer extension) comprises 5 kb (curly bracket). This region contains the putative rols6 promoter (P2). Within this region, the P[EP]3330 is inserted about 60 bp upstream of rols6 exon 1. P1: rols7-specific promoter.
pebbles caused by the P-element insertion EP(3)3330 (Fig. 1) . Homozygous embryo's mutant for the described rolling pebbles alleles (Rau et al., 2001 ) and the P-element insertion line EP(3)3330 exhibit strong defects in the somatic mesoderm (see below). Previous molecular analysis revealed two distinct transcripts and protein isoforms, Rols7 and Rols6 ( Fig. 1 ; Rau et al., 2001) . In this study, additional defects in the development of the MpTs (Fig. 2D-I ) were observed.
In wild-type embryos, staining for Cut detects the PCs of the MpTs ( Fig. 2A-C) . Therefore, we used this marker to analyse the MpT morphology in rolling pebbles mutants. In Df(3L)BK9 and in EP(3)3330 mutant embryos, we observed alterations in the elongation and direction of outgrowth; these alterations were detectable from stage 15 and clearly manifest by stage 16/17 ( Fig. 2D-E,H-I ). Initial determination of the tubule cells is not affected in the mutants since the tubule primordia bud out and elongate as in wild type (compare Fig. 2A,G) . The rols mutant phenotype is characterised by a randomised navigation of the tubules through the body cavity (here we describe in detail only the features of the anterior tubules) and a partial delay and loss of rearrangement of the tubule cells. In mutant embryos, the anterior tubules often turn towards the posterior shortly after they have reached the middle part of the abdomen (Fig. 2D) . In some cases, the anterior MpTs reach almost to the anterior abdominal body region but appear to be partially thickened and not properly elongated (Fig. 2D, arrowhead) . In stage 15, MpTs elongate in wild-type embryos through the body cavity (Fig. 2B) forming the two cells that surround the lumen formation of these excretory organs; whereas, in rols-deficient mutants, a large number of MpT PCs remain partially clustered and do not rearrange as in wild type (stage 15 in Fig. 2D and stage 15/16 in H). At stage 16/17, in the mutant, these MpT PC clusters start to reorganise but still fail to show completely the typical arrangement of the two cells surrounding the lumen (Fig. 2D,H-I ). In both rols-deficient and in EP(3)3330 mutants, although the anterior tubules reach the anterior abdominal segments, instead of forming a kink in A2/3, they have lasso-like structures and grow out in curves (Fig. 2D,E,H,I ). In wild type, however, tubules normally loop back.
In EMS-induced rols xx117 mutants, muscle development is also severely disturbed (Rau et al., 2001) . Analysis of MpT development in this mutant revealed the same defects in cell rearrangement and navigation as in rols-deficient and EP(3)3330 mutants. While the initial developmental steps appear to be the same as in wild type (data not shown), defects in rearrangement of the tubule cells can be observed from stage 15 onwards. In some stage 16 rols xx117 embryos, at best one of the anterior tubules is able to reach the anterior abdomen, whereas the other one remains in the middle of the embryo (Fig. 2F ). For the deficiency strain Df(3L)BK9, the P-element induced mutant EP(3)3330 and the EMS mutant rols xx117 , the number of the PCs in these misarranged tubules is not considerably affected.
rols6 expression persists throughout Malpighian tubule development
The rols gene is characterised by two tissue-specific promoters. From P1, rols7 is transcribed in the differentiating somatic and visceral mesoderm. Under the control of P2 (Fig. 1) , rols6 is strongly transcribed in early stage 11 embryos between the ectodermal hindgut anlage and the posterior midgut primordium ( Fig. 3A and Rau et al., 2001) where the renal tubules originate. Here, we examined whether rols6 expression remains active during MpT development. Using a rols6-specific probe, in situ hybridisation studies showed that this transcript was present throughout MpT development including embryonic stages 13-15 when the tubules undergo elongation by cell rearrangement (late stage 13, Fig. 3B ). This raises the question whether rols6 is required for the early determination and proliferation of tubule cells or mainly for later tubule morphogenesis.
Malpighian tubule development is affected in a rols6-specific deletion strain
The rols mutants described so far display myoblast fusion defects. Therefore, as rols6 is expressed in the MpTs but not in the somatic mesoderm, we aimed to generate mutants that are specific for rols6. To this end, EP(3)3330, in which the P-element is inserted about 60 bp upstream of the transcription initiation start site of rols6 ( Fig. 1) , was used. This insertion leads to abnormalities in myoblast fusion (see below) and the characteristic defects in MpT differentiation (Fig. 2E ). To generate an imprecise excision event that deletes parts of the promoter region or removes the translation start site within the second rols6-specific exon, we remobilised the EP(3)3330 element (see Section 4). This resulted in a number of strains that had lost the eye colour marker. These strains were analysed by a PCR-based strategy with primers flanking the EP(3)3330 insertion site ( Fig. 4A ) and an imprecise excision in the line EP(3)3330*5a that caused a deletion of 1570 bp upstream of the original EP insertion site (position K1632 to position K64 relative to the rols6 transcriptional start site) was found. This deletion strain is homozygous viable and fertile although the viability of embryos is reduced to 44% (nZ 900) compared to wild type (85%, nZ900). As the essential transcriptional regulating sequences are located in a 1100 bp upstream region of rols6 (Kesper et al., in preparation), this deletion line should lack most of the rols6 regulatory elements. To clarify whether rols6 transcription is indeed abolished in these mutants, in situ hybridisation was performed with a rols6 specific-probe to visualise the rols6 transcript in wild-type embryos (Fig. 3A ,B) and this was compared with the rols7 transcript using a C-terminal probe common for both transcripts. The C-terminal probe detects rols6 in MpTs and in the anterior and posterior midgut primordia and their derivatives as well as rols7 transcripts in the somatic and visceral mesoderm in wildtype embryos (Fig. 3C,D) . In homozygous EP(3)3330*5a embryos, no rols6 expression was detected in the anterior and posterior midgut nor in the primordia of the MpTs (Fig. 3E,F) .
In contrast, the rols7 expression pattern in the visceral and somatic mesoderm of EP(3)3330*5a mutant embryos is indistinguishable from that in wild type (compare Fig. 3E ,F to Fig. 3C ,D). These rols in situ hybridisation studies prove that EP(3)3330*5a is a rols6-specific loss-of-function mutant.
Phenotypic analysis of EP(3)3330*5a embryos revealed the characteristic defect in the MpTs (Fig. 4B ) that we have previously described for the rolling pebbles deficiency In situ hybridisation with a rols6-specific probe on wild-type embryos shows that rols6 is expressed in the MpT anlagen (arrow) of stage 11 embryos (A). In stage 13 embryos (B), its expression persists in the MpTs (arrow). In addition, the rols6 transcript is expressed in the pharynx region (ph), the anterior and posterior midgut primordia (amp; pmp) and in the endoderm surrounding the midgut (mg). (C) and (D) rols6 and rols7 transcripts are observed with a common probe (see Section 4) in wild-type embryos at stage 11 (C) in the pharynx region (ph), the anterior and posterior midgut primordia (amp; pmp) and in the somatic mesoderm (sm). At late stage 13 (D), rols transcripts are also detected in the endoderm surrounding the midgut (mg). (E) and (F) In homozygous EP(3)3330*5a mutants (E: stage 11, D: late stage 13), the expression is limited to the pharynx (ph), the visceral (vm) and somatic mesoderm (vm). . Generation and analysis of the rols6-specific mutant EP(3)3330*5a. (A) Schematic drawing of the rolling pebbles genomic region between the second specific rols7 exon and the specific exons of rols6. EP(3)3330 inserts 60 bp upstream of the transcription start site of rols6. The primers (indicated by arrows) used to identify deletions within the rols6 regulatory region (indicated in red) were forw: ROSH PIC610 and rev: LDIISP 2 and these generated a 2.8 kb fragment on wild-type genomic DNA (lane 1). The fragment amplified on EP(3)3330*5a genomic DNA is about 1.5 kb smaller, revealing a deletion of about 1500 bp within this jump-out derived strain (lane 2). Sequence analysis revealed that the region between K64 and K1632 with respect to the rols6 transcription initiation site is deleted. B: Malpighian tubule development is deranged in EP(3)3330*5a homozygous embryos. The anterior tubules appear to be partially thickened with more than 2 cells around the lumen (arrows) and do not kink backwards as in wild type, resulting in bigger loops (e) or other structures as in f (arrowhead).
Df(3L)BK9, the EMS allele rols XX117 and the initial EP(3)3330 allele. The MpTs in EP(3)3330*5a embryos bud out and the tubules elongate (Fig. 4Bc) . Thus, cell determination and proliferation has occurred. Moreover, the cells of the anterior tubules from stage 14/15 undergo rearrangements so that some parts of the tubules show the normal appearance of two cells around the lumen (Fig. 4Bd) . Besides this, however, many PCs of the anterior tubules do not rearrange properly. Defective regions of the tubules appear as if thickened (Fig. 4Bd and Be) resulting in a shorter tubule compared to WT (Fig. 4Be) . However, there seems to be no obvious reduction in cell number in the tubules; therefore, this shortening could be due to a defective rearrangement of the cells. Some tubules having an approximately normal arrangement of cells around the lumen reach the anterior abdominal segments (Fig. 4Bd ), but these tubules also produce loops or lasso like-structures and never take up the stereotypic course through the body cavity with the wild-type kink in A2/3 ( Fig. 4Bd and part of an anterior tubule in Fig. 4Bf ). Because the visceral mesoderm is well developed (see below), it is unlikely that this misguidance of MpTs is a secondary defect due to malformation of the visceral musculature. We, therefore, conclude that morphological distortions of the MpTs are due to the loss of Rols6 protein that causes failure of rearrangement of the tubule cells leading to MpT misguidance through the body cavity.
2.4. Somatic muscles are formed in rols6-specific mutants All previously described rolling pebbles alleles produce a strong muscle fusion phenotype (Df(3L)BK9, Fig. 5B;  EP(3)3330, Fig. 5D ). In EP(3)3330, the P-element insertion abolishes rols6 transcription (data not shown), and it also interferes with rols7 expression either at the transcription or splicing level.
To further characterise the specificity of the rols6 phenotype, we asked whether homozygous EP(3)3330*5a embryos would still exhibit the muscle fusion phenotype. Embryos homozygous for the P-element jump-out generated deletion did indeed exhibit the normal pattern of somatic muscles (Fig. 5C ). The visceral musculature also appears to be formed correctly (Fig. 5F ). With respect to the previously described severe muscle fusion phenotype for rols mutants, the body wall musculature in this rols6-specific deletion strain is not affected. (Fig. 6E) . Integrated SCs are detectable in rols-deficient embryos (Fig. 6F ) and in the rols6 loss-of-function mutant tubules (Fig. 6G) . The determination and the migration of SCs are, therefore, not significantly affected in rols mutants (Fig. 6F,G) . Thus, we conclude that the defects of MpTs in rols6 mutants are caused by failure of cell arrangements around the lumen as well as MpT orientation within the embryo rather than by defects in cell determination or integration.
Myoblast city mutants exhibit defects in Malpighian tubule formation
Rols and Mbc have been reported to interact in S2 cells (Chen and Olson, 2001) . As the phenotype of rols6 mutants is indicative of faulty cell arrangement, then the cytoskeleton is a structure that is likely to be involved. Therefore, we asked whether molecules required for the organisation of the cytoskeleton in myogenesis are also needed for MpT embryos, SCs integrate but their numbers seem to be decreased and the tubules exhibit severe misguidance defects. The anterior tubules appear to be shortend and knotted (H). In rac1,2 double-mutant embryos, the SCs are able to migrate and integrate into the tissue (I). Arrows mark the MpTs. development. mbc mutant embryos exhibit a strong muscle fusion phenotype and Mbc is involved in dorsal closure and cytoskeletal organisation (Doberstein et al., 1997; Erickson et al., 1997) . As reported by Ainsworth et al. (2000) , mbc mutants display a MpT defect in tubule organisation. We, therefore, had a closer look at the defects in mbc mutant embryos.
In mbc mutant embryos, we found the anterior MpTs displaced and misguided within the embryos. The anterior tubules remain in the posterior part of the body, without any anterior extension in stages 15 (Fig. 6B) and 16 (Fig. 6C) . In mbc mutants, the cells in some regions of the anterior tubules arrange to give rise to a thin tubule with only two cells around the circumference; however, in general, the tubules appear shortend and knotted (Fig. 6B,C) . As in rols mutants, the MpTs of mbc mutant embryos are composed of two cell types. SCs can be detected in the tubules of mbc mutants (Fig. 6H) . Hence, these cells are able to migrate and attach to the tissue, but their numbers seem to be reduced in comparison to wild-type (Fig. 6E ) and rols mutant (Fig. 6F,G) embryos. However, as Mbc is involved in a large number of cell and tissue arrangements in the embryo (Erickson et al., 1997) , the precise nature of the defect remains to be elucidated.
Malpighian tubules in rac1,2 double-mutant embryos exhibit a comparable phenotype to rolling pebbles mutants
Mbc has been suggested to activate Rac GTPases (Erickson et al., 1997) . Indeed, rac1,2 double mutants display strong myoblast fusion defects (Hakeda-Suzuki et al., 2002) . To test whether these GTPases are involved in the same genetic cascade as has been postulated for myoblast fusion, we performed a phenotypic analysis of rac1/rac2 double mutants for MpT development. In rac1,2 double-mutant embryos, the MpT primordia bud out as in wild-type development (data not shown). Later the tubules extend and begin to exhibit regions having two cells around the lumen. However, following the course of the anterior tubules through the body cavity, it becomes apparent that the cell rearrangement is not completely the same as in wild type. We observed the characteristic curved structures and failure in cell arrangement (as shown for a stage 16 embryo in Fig. 6D ). This phenotype is comparable to that of rolling pebbles mutants. The tubules of rac1,2 double mutants contain both SCs and PCs as shown by anti-Cut and anti-Tsh double labelling in Fig. 6I . Comparison of Fig. 6D,I reflects the variability of the phenotype.
From these results, we propose that, as in myogenesis, Rac, Rols and Mbc act in a signalling cascade which is nessesary for proper cell rearrangement during MpT development.
Discussion
Principal cells and stellate cells assemble in Malpighian tubules of rols6 mutants, but tubule morphogensis is defective
As Rols6 is expressed in the Malpighian tubules (MpTs) throughout their development, we investigated the role of Rols6 in the generation of this tissue. For this purpose, we generated a rols6-specific mutant, in which the majority of the putative promoter region of rols6 is deleted, and thereby knock out rols6 transcription, while rols7 expression persists as in the wild type. In this rols6-specific mutant, the early phase of organogenesis is the same as in wild type, i.e. the MpTs consist of two cell types, the PCs and the SCs. As the SCs originate from the mesoderm, one might expect that they would be affected in rols mutants. However, in the specific rols6 mutation we generated, the SCs are able to migrate and integrate between the PCs as observed in the wild type. However, the PCs and SCs do not arrange correctly, and therefore, the typical MpT arrangement as found in wild-type embryo is not observed for stage 15 embryos onwards. The anterior tubules often show abnormal curves and lasso-like structures and fail to extend through the abdominal cavity. These navigation defects might well result from incorrect cell rearrangements, indicated by thickened regions of the tubules, whereas other parts seem to have a typical wild-type organisation.
Here, we present for the first time evidence that correct cell rearrangement is dependent on Rols6 and proteins such as Mbc and Rac. These factors have been proposed to act with Rols7 in a common signalling cascade during myoblast fusion (Chen and Olson, 2001; Schröter et. al, 2004 ). An additional defect is the disorientation of MpTs in the body cavity, which again is characteristic for rols6, mbc and rac mutants.
Homozygous rols6 mutants are viable, indicating that the physiological functions of principal cells and stellate cells are largely unaffected
Loss of rols6 expression only moderately affects embryonic viability. Furthermore, homozygous EP(3) 3330*5a flies do not die prematurely in contrast to those lacking another gene essential for MpT formation, hibris (see below). Here, the strongest hibris allelic combination die early as adults (Denholm et al., 2003) . Also, in contrast to rols6 mutants, in hibris mutants, the number of SCs is strongly reduced. This might cause defects in excretory function of the tubules, and thus lead to the observed lethality (Denholm et al., 2003) .
rols6-specific mutants show no distortion in rols7 transcription and in muscle development indicating that rols6 is specific for MpT development, while rols7 is essential for myogenesis. This is consistent with the observation of Menon and Chia (2001) that Rols6 is not able to rescue the myogenic defect in rols mutants.
Myoblast city mutants, rolling pebbles mutants and rac1/rac2 double mutants show late defects in Malpighian tubule differentiation
We have shown that mbc mutants exhibit a MpT phenotype and propose that this might be due to a failure to complete cell rearrangement; a phenomenon which is more apparent in mbc mutants than for rolling pebbles ones. Mbc, the homologue of vertebrate DOCK180 in Drosophila, associates with the adapter protein Crk (Erickson et al., 1997; Nolan et al., 1998; Galletta et al., 1999) . This interaction regulates cell migration and cytoskeleton organisation in a Rac-dependent manner (Hasegawa et al., 1996; Kiyokawa et al., 1998; Klemke et al., 1998; Galletta et al., 1999; Reddien and Horvitz, 2000) . This agrees with our finding that rac1/rac2 double mutants exhibit the characteristic MpT defects as rols6 and mbc mutants do. Rols7 and Duf have been shown to interact in myogenesis (Chen and Olson, 2001) . The strong similarity between the Rols proteins and their proposed functions leads us to the hypothesis that Rols6 interacts with a so far unknown partner in the PCs. We propose that Rols6 initiates a signalling cascade via Mbc and Rac that leads to the correct rearrangement of cells, presumedly by rearranging the cytoskeleton, as has been proposed for Rols7 in the myogenic precursor cells. In the development of the somatic musculature, rearrangement of cytoskeleton is mediated by Blown fuse (Blow) and Kette in the second fusion wave (Schröter et al., 2004) .
Comparison of molecules involved in late Malpighian tubule differentiation of Drosophila and kidney diseases in vertebrate models
Individual factors and protein complexes involved in cell migration and cytoskeleton arrangement have been described from many model organisms as well as from cell culture experiments. DOCK180/CED-5, the homologues of Drosophila Myoblast city (Mbc) in vertebrates and in C. elegans, form a complex with ELMO1/CED-12 that functions as a guanine nucleotide exchange factor (GEF). This functional GEF promotes Rac activation, and thus facilitates cell migration and rearrangement of the cytoskeleton (Gumienny et al., 2001; Brugnera et al., 2002; Cote and Vuori, 2002) . In vertebrates, additional protein complexes are built via DOCK180/p130
Cas /Crk interaction and regulate cell migration and cytoskeletal organisation in a Rac-dependent manner (Hasegawa et al, 1996; Kiyokawa et al., 1998; Klemke et al, 1998; Galletta et al, 1999; Reddien and Horvitz, 2000) . From kidney cells of human and mouse, the signalling molecule NEPHRIN is known to be of major importance in the podocyte for slit-diaphragm formation. Mutations in the nephrin gene are the major cause of congenital nephrotic syndrome in humans (Kestila et al., 1998) . In Drosophila, the homologue of vertebrate Nephrin, Hibris (hbs) (Artero et al., 2001) , is expressed during MpT development specifically in SCs (Denholm et al., 2003) . Therefore, it is likely that during MpT differentiation, Hibris mediates cell adhesion and arrangement between the PCs and the SCs, a mechanism comparable to myogenesis. In vertebrates, CMS/CD2AP has been identified as an interaction partner for Nephrin. The CMS/CD2AP homologue in Drosophila can be detected in silico as (computed gene) CG11316 (www. flybase.bio.indiana.edu). CD2AP knock-out mice die due to kidney failure (Shih et al., 1999 (Shih et al., , 2001 . Moreover, the Nephrin/CD2AP complex is able to bind to actin and to p130
Cas (Kirsch et al., 1999; corresponds to CG1212, www. flybase.bio.indiana.edu) . In Drosophila, homologues have been identified for all the above-mentioned factors involved in these protein complexes. However, little is known about their role in the developmental processes taking place during MpT development.
In Drosophila, a group of immunoglobulin-like proteins act in cell-cell recognition and attraction during myogenesis (Ruiz-Gomez et al., 2000; Bour et al., 2000; Artero et al., 2001; Dworak et al., 2001) . These processes are also of importance in MpT development. Rolling pebbles is a multidomain and adapter-like protein (Fig. 1) . We propose that Rols6 interacts in Malpighian tubule development with proteins also involved in myogenesis such as Mbc and Rac. We assume that Rolling pebbles interacts with Mbc, and thus activates Rac. This hypothesis is supported by our observations that mbc and rac mutants exhibit defects in MpT development which might be linked to cell organisation in this tissue.
The mechanisms underlying the stereotypic course of the MpTs through the body cavity are still unclear. However, studies of phenotypes of early determination mutants like numb show that the tip cell and its sibling might both play a critical role in controlling the spatial arrangement of the growing tubules. This is indicated by the MpT phenotypes of numb mutants and UAS-numb embryos, where numb is overexpressed. These embryos lack either the tip cell or the sibling cell but form elongated MpTs with normally rearranged PCs (Ainsworth et al., 2000; Wan et al., 2000) . Although the PCs rearrange normally in these numb alleles, the MpTs are misrouted through the body cavity, as we have observed for rols and rac mutants. This raises the question whether determination of the tip cells is affected in rols mutants.
Essential transcription factors for Tip cell determination and PC cell proliferation are the A-SC, Krüppel and Seven up (Skaer, 1989; Hoch et al., 1994; Kerber et al., 1998; Wan et al., 2000) . These factors could be required for rols6 expression in the MpTs. However, as rols6 is expressed in the rudimentary primordia of MpTs in Krüppel mutants and in seven up mutants (Kesper et al., in preparation) , this is unlikely.
We assume, therefore, that Rolling pebbles is not a signalling molecule involved in cell specification through direct regulation of early genes, but rather that it plays a role as an adapter molecule in a protein complex connecting the cells in the tissue as Rols7 does in myogenesis (reviewed in Dworak and Sink, 2002) . Since rols6, mbc and rac mutant embryos exhibit the described MpT phenotype, it is likely that they belong to a group of genes that can be helpful in discovering the mechanisms in MpT development that lead to the typical thin tubule morphology through cell rearrangement.
Materials and methods
Drosophila stocks
The rols relevant-deficiency line Df(3L)BK9 (Umea stock #54650) was obtained from the Umea Stock Center. Its breakpoints include 68E2-3; 69A1 on the cytological map (for further details see Flybase report: Df(3L)BK9; www.flybase. bio.indiana.edu). In this deficient strain, the sema 5c gene 5 0 of rols is deleted (Bahri et al., 2001 ) and all known rolling pebbles alleles map within this deficiency (Chen and Olson, 2001; Menon and Chia, 2001; Rau et al., 2001 ). The allele rols xx117 was found in an EMS mutagenesis screen for the 3rd chromosome and is allelic to the deficiency Df(3L)BK9 as well as to rols AD328 , rols
P1027
, and rols P1727 (Gisselbrecht et al., 1996; Rau et al., 2001 ). The EP-element insertion line EP(3)3330 (Rorth, 1996) was obtained from the Szeged Stock Center (http://gen.bio.u-szeged.hu/gen) and integrates within the putative rols6 promoter region (sequence data from National Center for Biotechnology Information (NCBI: http:// www.ncbi.nlm.nih.gov): AQ073921). The mbc c1 loss of function allele (BL-1671) and the rac1,2 double mutant (BL-6677) were obtained from the Bloomington Stock Center.
All mutant alleles were kept over a marked balancer TM3, Sb Dfd-lacZ, in order to distinguish homozygous mutants and heterozygous embryos.
Whole-mount in situ hybridisation
Whole-mount in situ hybridisation was carried out essentially as described by Tautz and Pfeifle (1989) . We synthesised antisense DIG-labelled probes by single strand PCR using a primer specific for the rols6 transcript (LDIISPPrimer: 5 0 -ACTGCCAGATCGACGACCGGTTG). To generate a common probe, we transcribed the C-terminal 2 kb of a rols cDNA clone in pBlueScript cut with PstI with T7 polymerase and DIG labeled nucleotides (Rau et al., 2001 ).
Antibody staining of embryos
Immunostaining was performed as described previously (Paululat et al., 1995; Klapper et al., 2002) . The primary antibodies were used as follows: rabbit antib3-tubulin 1:15,000 (Buttgereit et al., 1996; Leiss et al., 1988) to stain mesodermal derivates and developing muscles. A polyclonal rabbit anti-b-galactosidase antibody 1:12,000 (Promega, Heidelberg) was used to visualise the expression of marked balancers. Monoclonal mouse anti-Cut (2B10) was used to detect Malpighian tubule cells (MpTs) (dilution 1:10 and 1:20 for immunfluorescence, 1:1000 for DAB stainings). The monoclonal antibodies anti-Cut and anti-FasII were developed by Rubin and Goodman, respectively, and were obtained from the developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by The University of Iowa, Department of Biological Science, Iowa City, IA 52242. A polyclonal rabbit anti-Teashirt (Tsh) antibody 1:1500 (kindly provided by Stephen Cohen, EMBL, Heidelberg) was used to visualise stellate cells (SCs) within the MpTs. Secondary antibodies were biotinylated anti-rabbit and anti-mouse antibodies (Vector Laboratories, Burlingame, USA). Cy2-and Cy3-coupled secondary antibodies generated in goat against rabbit and mouse IgG were obtained from Dianova, Hamburg (diluted 1:40 and 1:100). The Vectastain ABC Elite Kit (Vector Laboratories) was used as the detection system. DAB-stained embryos were dehydrated in EtOH and embedded in Epon. Embryos treated with fluorescent antibodies were embedded in Fluoromount-G (Southern Biotech; Birmingham, USA). Photos were taken using Normarski optics with a Zeiss Axiophot microscope or a Leica Confocal Microscope and processed in Adobe Photoshop 6.0. Embryos were staged after Campos-Ortega and Hartenstein, 1985.
Remobilisation of EP-element insertion
The original EP-element insertion line was purified by crossing five times against the allele w 1118 . The P-element was followed by monitoring eye colour. The insertion in EP(3)3330 lies 60 bp upstream of the transcription start site. The strain does not complement any of the rols alleles as indicated above. The P-element in the purified EP(3)3330 was remobilised by using the transposase source of the line ry 506 ; P[ry C D2K3] Sb/TM3, Sb Ser (line f41, Münster). We crossed 80 single jumpstarter males with females of the balancer line w;Dr/TM3, Sb Dfd-lacZ. Jump out of the P-element was indicated by loss of white C eye marker. Individual white-eyed EP(3)3330* jump-out lines were isogenised and analysed with regards to lethality, phenotype and complementation to rols AD328 , rols
P1027
, and rols
P1727
and to the deficiency Df(3L)BK9. 6 non-complementing lethal lines were allelic to all rols mutants and showed the fusion phenotype. The genomic region in the vital lines was analysed by PCR uncovering the deletion in EP(3)3330*5a as described below.
PCR-based sequence analysis of putative rols6-specific jump-out alleles
Genomic DNA from wild-type and homozygous EP(3) 3330* jump-out flies were prepared as described previously (Pirotta, 1986; Steller and Pirotta, 1986) . PCR procedures were performed with primers designed to amplify a 2866 kb wild-type genomic fragment (ROSHPIC610, 5 0 -GTTGAATTCAATGTAAAACAGTGATATAAG; LDIISP2, 5 0 -GGCACAAACAGCGCTAAGGA). Amplified EP(3)3330* genomic fragments were cloned into a pCR II TOPO vector (Invitrogen, Karlsruhe), sequenced and compared to the rolling pebbles genomic sequences (Adams et al., 2000) .
